The objective of this study was to characterize the renal toxicity and carcinogenicity of p-nitrobenzoi c acid in F344 rats. Dose levels in 13-week and 2-year studies ranged from 630-10,000 ppm and 1,250-5,000 ppm, respectivel y. At 13 weeks, renal lesions included minimal to mild hyaline droplet accumulation in male rats and karyomegal y in male and female rats. At 2 years, renal lesions included proximal tubule epithelial cell hyperplasia in male rats and oncocytic hyperplasia in high-dose male and female rats, and a decreased severity of nephropathy in males and females. The hyaline droplets in renal tubular epithelial cells of male rats at 13 weeks were morphologicall y similar to those described in a 2u -globulin nephropathy. Using immunohistochemica l methods, a 2u -globulin accumulation was associated with the hyaline droplets. In addition, at 13 weeks, cell proliferation as detected by PCNA immunohistochemistr y was signi cantly increased in males exposed to 5,000 and 10,000 ppm when compared to controls. Cytotoxicity associated with a 2u -globulin nephropath y such as single-cell necrosis of the P2 segment epithelium or accumulation of granular casts in the outer medulla did not occur in the 13-week study. In addition, chronic treatment related nephrotoxic lesions attributed to accumulation of a 2u -globulin such as linear foci of mineralization within the renal papilla, hyperplasia of the renal pelvis urothelium and kidney tumors were not observed. Although there was histologic evidence of a 2u -globulin accumulation in male rats at 13 weeks, the minimal severity of nephropath y suggests that the degree of cytotoxicity was below the threshold, which would contribute to the development of renal tumors at 2 years.
INTRODUCTION p-nitrobenzoic acid was evaluated by the National Toxicology Program to determine the toxicity and carcinogenic potential of this chemical (17) . In the 13-week studies, there was morphologic evidence of increased hyaline droplet accumulation in male rats, but 2-year studies showed no evidence of a treatment-related increase in kidney tumors.
Hyaline droplets in male rats are frequently associated with a 2u -globulin accumulation. a 2u -globulin is a low molecular weight protein synthesized by the liver of male rats but not female rats (16, 18, 19, 21) . The function of this protein is not known, but under normal conditions it is ltered at the glomerulus and reabsorbed by the proximal tubule (2, 19, 21) . Generally, chemicals that cause an increased accumulation of a 2u -globulin in the renal tubules are associated with increased renal tubule epithelial degeneration, necrosis and regeneration, and subsequent renal carcinogenicity (12, 20) . The objective of this paper is to characterize the hya-line droplet accumulation present in male rats at 13 weeks and to examine the relationship of this nding to subsequent effects in the kidney in the 2-year carcinogenicity study.
MATERIALS AND METHODS Groups of 10 male and 10 female rats, 5-6 weeks of age, received 0, 630, 1,250, 2,500, 5,000, or 10,000 ppm p-nitrobenzoic acid in feed for 13 weeks. Dose formulations were prepared every 2 weeks in the 13-week studies by mixing p-nitrobenzoic acid and NIH-07 feed. All dose formulations were within 10% of the target concentrations during the 13-week studies. Water and feed were available ad libitum up until necropsy. Clinical observations were recorded twice daily. Animals were weighed at the beginning of each study and weekly thereafter. Rats were housed 5 per cage and all animals were cared for in accordance with the Guide for the Care and Use of Laboratory Animals.
A complete necropsy was performed on all rats and all major organs and tissues were collected. Tissues for microscopic examination were xed and preserved in 10% neutral buffered formalin. One midlongitudinal section (left kidney) and one cross-section (right kidney), through the entire cortex 507 0192-6233/01$3.00 $0.00 508 WILLIAMS ET AL TOXICOLOGIC PATHOLOGY FIGURE 1.-Renal cortex of male F344 rat exposed to 10,000 ppm p-nitrobenzoic acid for 13 weeks. Note the hyaline droplets in P2 segments of proximal tubules. H&E. 132. and medulla were H&E-stained and examined as part of the initial histopathological evaluation. At the end of the study, the accuracy of the histopathological diagnosis was determined by the microscopic review of target organs (including the kidney) by quality assessment pathologists and pathology working groups (1, 14) .
In the 2-year study, male and female F344 rats, 6 weeks of age, received doses of 0, 1,250, 2,500, or 5,000 ppm p-nitrobenzoic acid in feed for 103 weeks. Dose formulations were prepared weekly in the 2-year studies by mixing p-nitrobenzoic acid and NIH-07 feed. Ninety-ve percent (160/180) of the formulation was within the target concentrations during the 2-year studies. Water and feed were available ad libitum up until necropsy. Ten males and 10 female rats from each group were evaluated at 15 months. Histopathological examination for the 2-year study was carried out using the same procedures as in the 13-week study.
The grading scheme for hyaline droplet accumulation (H&E stained sections) in the 13 week studies was qualitative and was based on the following criteria: minimal-low numbers of variable sized hyaline droplets in scattered proximal tubular epithelial cells; mild-low numbers of variable sized droplets in the majority of proximal tubular epithelial cells; moderate-low to high numbers of polyangular droplets in all proximal tubular epithelial cells; marked-high numbers of large polyangular hyaline droplets in all proximal tubular epithelial cells. Generally, the droplets were more frequent and larger than the smaller, more uniform protein "resorption droplets" typically present in the kidney of male control rats. The typical control "resorption droplets" were given a score of zero.
For the purposes of further characterizing the hyaline droplet nephropathy in 13-week studies, specialized stains including Mallory's Heidenhain and toluidine blue were used. The hyaline droplets were evaluated by examining the protein globule for a 2u -globulin by immunohistochemical methods. A monoclonal mouse antibody to the a 2u -globulin (4) was FIGURE 2.-Renal cortex of male F344 rat exposed to 10,000 ppm p-nitrobenzoic acid for 13 weeks with hyaline droplets in P2 segments of proximal tubules. Mallory-Heidenhain . 132. kindly provided by the Chemical Industry Institute of Toxicology. Electron microscopy of the kidney was performed with emphasis on the P1, P2, and P3 proximal tubule segments.
Cell proliferation studies at 13 weeks were limited to males to determine the association between this endpoint and hyaline droplet nephropathy. Female rats were not evaluated because no hyaline droplet accumulation was observed in kidney sections evaluated. A modi ed immunohistochemical technique was used for detecting proliferating cell nuclear antigen (PCNA) (11) . Selected doses (0, 5,000, 10,000 ppm) in the 13-week study were chosen for PCNA evaluation; these included the high doses from the 13-week and 2-year studies. Positive staining for PCNA was categorized based on cellular distribution and intensity of the chromagen that correlates with the different phases of the cell cycle as reported by Foley et al (10) and Eldridge et al (9) . Uniform dark nuclear staining was judged to be positive for S-phase cells. A cell in the G 1 phase of the cell cycle had diffuse, stippled nuclear staining that was lighter than a cell in S-phase. Cells in the G 2 phase exhibited diffuse, cytoplasmic stippling with or without nuclear staining. Mitotic gures were conspicuous with diffuse, cytoplasmic stippling. Randomly selected elds within P1, P2, and P3 proximal tubule segments were used to score PCNA by light microscopy. Approximately 3,000 renal tubular epithelial cells were counted in 10 elds. The proliferating index (PI) was de ned as the percentage of cells in the cell cycle, ie, G 1 S G 2 M, divided by G 1 S G 2 M G 0 (14) . The Mann-Whitney U -test ( p < .05) was used to compare proliferating indices between exposure groups.
RESULTS
In the 13-week study, male rats exposed to 10,000 ppm p-nitrobenzoic acid had mild cytoplasmic hyaline droplet accumulation in proximal renal tubule epithelial cells within the outer renal cortex (Figure 1 accumulation was also observed in 630-, 1,250-, 2,500-, and 5,000-ppm males. Multiple hyaline droplets were most commonly present within the cytoplasm of cells, but droplets were also observed protruding from the cell, and were often present within the renal tubule lumens. Hyaline droplets were eosinophilic, spherical to crystalline shaped, and variable in size. The droplets were more numerous and larger than the uniform protein "resorption droplets" typically present in the kidney of male control rats.
Using the Mallory-Heidenhain stain for proteins, the cytoplasmic hyaline droplets appeared intensely eosinophilic ( Figure 2 ). Both Mallory-Heidenhain and toluidine blue stains illustrated the crystalline and irregular shapes of the protein droplets in treated rats (Figures 3 and 4) , which was different from that of the smaller protein "resorption droplets" seen in controls. Compared to controls ( Figure 5 ), a 2u -globulin accumulation was present in P2 epithelial cells ( Figure 6 ). Electron microscopic evaluation of kidneys of control animals revealed small electron dense bodies in P2 epithelial cells ( Figure 7 ). In treated male rats, large, polyangular ( Figure 8 ) and crystalline ( Figure 9 ) electron dense bodies were present in the P2 segment of the renal proximal tubules. There was no degeneration or necrosis of the renal tubule epithelial cells; mineralization or granular casts were not present.
Cell proliferation as detected by PCNA immunostaining was signi cantly increased ( p 0.01, using the Mann-Whitney U -test) in a dose-related manner in males when compared to controls ( Figure 10 ). PCNA labeled cells were dispersed throughout the cortex. Most of the PCNA positive cells were in either the G 1 or S phase of the cell cycle.
Mild karyomegaly of renal tubule epithelial cells was also observed in the kidney of 2,500-ppm (and above) males and females at 13 weeks (Table 1) . Karyomegaly was more prominent in the outer cortex and was characterized by nuclei that were 2 to 4 times larger than normal; occasional nuclei that were pleomorphic contained two prominent nucleoli. Also present in the kidney and spleen of males, and the spleen of females exposed to 2,500 ppm (and above) for 13 weeks was minimal to mild pigmentation within the cytoplasm of renal tubule epithelial cells. The yellow-brown pigment, consistent with hemosiderin, was associated with hemolytic anemia (data not shown). The pigmentation did not appear to contribute to the nephropathy.
At 15 months, the severity of the nephropathy was decreased in males exposed to 2,500 and 5,000 ppm p-nitrobenzoic acid ( Table 2) . At 2 years, the incidences of nephropathy for all groups of rats were 98% to 100% (Table 2) ; however, the severity decreased as exposure level increased in males and females. Nephropathy was less severe in females than in males.
Few hyaline droplets were observed in renal tubule epithelial cells of male rats at 15 months and at the end of the 2-year study. This nding is consistent with the fact that a 2u -globulin decreases with age. At this time it was also difcult to further evaluate karyomegaly of renal tubule cells due to chronic nephropathy and associated variation in nuclear size. A few proliferative lesions and neoplasms were also present in the kidneys of males. In the 2,500-ppm group, 1 male had a renal tubule adenoma and 1 male had a renal tubule carcinoma ( Table 2) . Renal tubule hyperplasia occurred in three 1,250-ppm males, one 2,500-ppm male, and one 5,000-ppm male.
Initially, a single hematoxylin and eosin stained section of each kidney was prepared. Primarily because of the increased incidence of renal tubule hyperplasia in exposed males, the adenoma and carcinoma observed in 2,500-ppm males, and because there has generally been an association between a 2u nephropathy and increased incidences of renal neoplasms, 6 to 8 additional step sections of (male only) kidney were prepared from the remaining formalin xed tissues. Additional focal hyperplasia or adenomas were identi ed in males. The incidences of these proliferative lesions in the step sections and in the single and step sections are shown in Table 2 . There were no signi cant increases in the incidence of renal tubule neoplasms.
Oncocytic hyperplasia was observed in high dose males and females, however no oncocytomas were detected at 2 years.
DISCUSSION
Several chemicals that cause protein droplet accumulation have been found to bind to a 2u -globulin (7, 16) . Evidence suggests that chemical binding and decreased degradation is responsible for the renal accumulation of this protein (3, 5, 19) . Chemical mediated accumulation of a 2u -globulin is thought to be responsible for cell death, which in turn stimulates cell division as a reparative/regenerative response. With prolonged chemical exposure, repeated cycles of cytotoxicity and cell replication are proposed to be responsible for the renal tumorigenic response (3, 19, 21) . Of the three criteria established by the USEPA for evidence linking a 2u -globulin accumulation with a kidney tumor response, an increased number and size of hyaline droplets in renal proximal tubule cells was seen in male rats treated with p-nitrobenzoic acid, and the accumulated protein was identi ed as a 2u -globulin (Table 3 ) (21) . However, the typical cytotoxicity associated with a 2u -globulin nephrotoxicity ( Table 3) mineralization of tubules within the renal papilla, hyperplasia of the renal pelvis, or signi cant increases in the incidences of kidney neoplasms. In addition, compared to a 2u -globulinassociated nephrotoxicity where there is an exacerbation of spontaneous chronic progressive nephropathy, in our study there was a decrease in the severity of nephropathy in rats e Historical incidence for 2-year NTP feed, gavage, and inhalation studies with untreated control groups: 22 /608 (3.6% 2.7%), range 0%-8%. exposed to p-nitrobenzoic acid. There was no evidence in this study that decreases in nephropathy were due to decreased feed consumption or diet.
The lack of the typical cytotoxicity in male rats with hyaline droplet accumulation suggests that a 2u -globulin and Proliferating indices of male F344 rats exposed to 5,000 and 10,000 ppm p-nitrobenzoic acid for 13 weeks. lysosomal dysfunction may have been below a concentration that elicits cell injury, cell death and sustained replication, and renal cancer. Compared to our study where the hyaline droplet nephropathy was minimal and enhanced cell proliferation was approximately 2.5-fold, in the 2,2,4-trimethylpentane (TMP) study, which induced a 2u accumulation and renal tumors, the hyaline droplet nephropathy was severe and enhanced cell proliferation rates ranged from 4-8-fold (19) . Furthermore, in the d -limonene study where there is a clear link between nephrotoxicity and renal tumors, there was progressive renal injury resulting in granular casts at the corticomedullar junction, and with continued treatment linear papillary mineralization occurred in the thin limbs of Henle (13) . These lesions then contributed to accelerated onset of cortical changes typical of chronic progressive nephropathy and subsequent development of preneoplastic lesions of proximal tubules (hyperplasia), which then progressed to renal adenomas and carcinomas. In both the TMP and d -limonene studies, the prerequisites which are considered major factors for the pathophysiologica l progression of a 2u -nephropathy and the development of renal tumors were seen, but were absent in the p-nitrobenzoic acid study.
Similar to this study, other chemicals including gabapentin and lindane have been reported to induce a 2u -globulinassociated nephropathy without an increase in renal neoplasms (6, 8, 15 ). In the gabapentin study, the severity of nephropathy in male Wistar rats given 2,000 mg/kg was moderate and caused granular cast formation in the renal cortex and medulla and tubular epithelial regeneration (8) . Dietrich and Swenberg reported that lindane induced a 2uglobulin nephropathy in male rats after 4 days of treatment with 10 mg/kg lindane (5) . However, in chronic studies male F344 rats administered 10 mg/day in both the subchronic and chronic studies did not develop renal tumors (6, 15) . In both studies, as in the p-nitrobenzoic acid study, the lack of renal tumors may have been a consequence of insuf cient renal tubular cytotoxicity and regeneration to successfully promote renal carcinogenesis.
A common reported nding for chemicals that cause a 2unephropathy and renal tumors, and included in the International Agency for Research on Cancer criteria for establishing the role of a 2u -globulin nephropathy in male rat carcinogenesis, is that these chemicals are non-genotoxic (12, 13, 20) . Although there was some suggestion that pnitrobenzoic acid was genotoxic in one in vitro salmonella assay, the in vivo genotoxicity assay (negative mouse micronucleus test) was supportive of nongenotoxicity. Furthermore, the ndings of no renal tumors in male and female rats or mice, were consistent with the in vivo genotoxicity data. Based on the subchronic toxicity data where the severity of nephropathy and degree of cell proliferation was greater at 10,000 ppm, we hypothesize that renal tumors may Vol. 29, No. 5, 2001 p-NITROBENZOIC ACID HYALINE DROPLET NEPHROPATHY 513 develop in male rats at higher doses. A future initiationpromotion study using doses at 10,000 ppm or above would help resolve the question as to whether or not p-nitrobenzoic acid has the potential to function as a nongenotoxic carcinogen similar to that of other a 2u -nephropathy male rat carcinogens.
